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In order  to fulﬁl  the  requirements  as an  actinide  waste  form,  cheralite  (CaTh(PO4)2) needs  to  be  stabilised
into  a dense  material.  Thermal  stability  studies  indicated  that  heat  treatment  causes  gradual  decompo-
sition  of CaTh(PO4)2 into  the  corresponding  oxides  above  1550  K.  Thus,  conventional  sintering  of  this
material  cannot  be applied.  However,  we demonstrate  that rapid  densiﬁcation  without  decomposition
can  be achieved  by using  spark  plasma  sintering.  High  density  pellets  of pure  cheralite  were  producedeywords:
heralite
ensiﬁcation
echanical properties
park plasma sintering
and  the  thermal  diffusivity  and  mechanical  properties  (hardness  and  elastic  modulus)  were  measured.
Within  this  study, 31P MAS  NMR  was  used  to  complete  the  structural  characterisation  of  the  synthetic
cheralite.
© 2016  The  Authors.  Published  by  Elsevier  Ltd.  This  is  an  open  access  article  under the  CC  BY license
(http://creativecommons.org/licenses/by/4.0/).hermal conductivity
. Introduction
Ceramic nuclear waste forms have been proposed as alterna-
ive materials for the storage and ﬁnal disposal of very long-lived
adioisotopes [1]. Monophasic materials are aimed at speciﬁc con-
itioning of separated elements (especially, long lived actinides)
or which further use in the nuclear fuel cycle is not foreseen [2].
Phosphates with monazite structure (Ln3+PO4) may  incorporate
igniﬁcant amounts of actinides in different oxidation states. In
ature, they have demonstrated long-term chemical and mechan-
cal stability. As a result, there is considerable interest in their use
or the conditioning of the actinides for ﬁnal disposal [3–6].
Into this family, CaTh(PO4)2 is produced through full cationic
ubstitution (2Ln3+ = Th4+ + Ca2+). The mineral CaTh(PO4)2 was
eported several decades ago [7] under the original name of “bra-
antite”, but presently is known as “cheralite” [8]. A large number
f studies deal with the preparation of this phosphate at labora-
ory scale, its solid solution with different monazites and further
tructural/thermochemical characterisation [9–15]. The sintering
ehaviour and the difﬁculties arising during the densiﬁcation pro-
ess of several solid solutions containing small amounts of thorium
below 10 mol%) is also highlighted in the literature [16,17]. In
act, thermal stability studies indicated that heat treatment under
∗ Corresponding author.
E-mail address: karin.popa@ec.europa.eu (K. Popa).
ttp://dx.doi.org/10.1016/j.jeurceramsoc.2016.07.016
955-2219/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article uinert atmosphere caused gradual decomposition of CaTh(PO4)2
into the corresponding oxides just above their synthesis tempera-
ture (1523 K) [18,19]. Thus, conventional sintering of this material
cannot be applied, in agreement with the temperature needed
for conventional sintering behaviour of other phases of monazite
structure (above 1673 K) [20–23].
This work aims to solve this problem by using the spark plasma
sintering (SPS) method. The densiﬁed pellets were further used
for thermal diffusivity and nanoindentation measurements. Within
this study, the MAS  NMR  spectroscopy was  used to complete the
structural characterisation of the synthetic cheralite. This study
suggests a viable synthetic route for the use of cheralites as a poten-
tial stable ceramic nuclear waste form.
2. Experimental procedure
2.1. Synthesis and material processing
The detailed synthesis procedure is presented elsewhere [24]. In
short, CaTh(PO4)2 was  synthesized by a solid-state reaction starting
from high-purity polycrystalline CaCO3 (Alfa Aesar, 99.9%), ThO2
(Merck, ≥99%), and (NH4)2HPO4 (Merck, 99.9%) in a nitrogen atmo-
sphere at 1523 K for 100 h.1 g pure CaTh(PO4)2 was milled for 30 min  at 30 Hz in a 10 ml
Retsch zirconia grinding jar using a Retsch mixer mill MM400. Sin-
tering was conducted in a SPS (FCT Systeme GmbH, Rauenstein,
Germany), implanted in a glovebox for transuranic elements oper-
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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tFig. 1. 31P MAS  NMR  spectra of CaTh(PO
ted under argon atmosphere [25]. The 6 mm graphite SPS dies
ere ﬁlled with 200 mg  of the milled CaTh(PO4)2; after prepress-
ng with a manual press with 0.5 kN force, the dies were inserted
n the sintering chamber and subjected to an initial load of 0.5 kN.
he chamber was  evacuated to less than 10−1 mbar and the applied
orce was risen in 70 s to the maximum value of either 2 or 3 kN (i.e.
0.7 or 106.1 MPa, respectively) at constant rate and heated at a rate
f 200 K min−1 to the maximum temperature (1528–1583 K), fol-
owed by a short dwell of 1 min  or not at all. The load was gradually
eleased during the controlled cooling step (K min−1).
.2. Phase characterisation
.2.1. XRD analysis
The as synthetized powder and the resulted pellets were char-
cterised at room temperature by X-ray powder diffraction (XRD)
sing a Bruker D8 diffractometer mounted in a Bragg-Brentano con-
guration with a curved Ge (1, 1, 1) monochromator, a ceramic
opper tube (40 kV, 40 mA)  equipped with a LinxEye position sensi-
ive detector. The data were collected by step scanning in the angle
ange 10◦ ≤ 2 ≤ 120◦ at a 2 step size of 0.0092◦. For the measure-
ent, the powder was deposited on a silicon wafer to minimize
he background and dispersed on the surface with isopropanol. Thed LaPO4 at 5 and 12 kHz spinning rates.
phase identiﬁcation and reﬁnement were performed by using the
X’pert HighScore Plus software.
2.2.2. MAS NMR measurements
The 31P MAS  NMR  spectra were acquired on a dedicated 9.4 T
Bruker spectrometer [26] at the Larmor frequency of 161.9 MHz.
With a 4 mm MAS  probe, the data were acquired at two  spinning
rates of 5 and 12 kHz. A 90◦ pulse length of 7.7 s was  used. All the
spectra were referenced to 85 mol% H3PO4 in water and ﬁtted using
the dmﬁt software [27].
2.2.3. Scanning electron microscopy
A Philips XL40 Scanning Electron Microscope equipped with
Energy Dispersive X-ray Spectroscopy (EDS) was used. The sam-
ples were deposited on a carbon sticker and covered with carbon
or gold to avoid charging. Each sample was observed at different
magniﬁcations and EDS analysis performed to conﬁrm its homo-
geneity, comparing the elemental composition on the general view
with those from smaller regions.2.3. Thermal diffusivity measurements
The thermal diffusivity measurements were carried out using a
laser ﬂash device, designed and constructed in house [28]. The ther-
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ograms are measured with pyrometers. The samples were heated
t the measurement temperatures in a high frequency furnace, in
he temperature range from 500 to about 1400 K. The maximum
emperature of 1400 K was not exceeded in order to avoid sample
ecomposition. The samples were disc fragments with a thickness
f about 1 mm.  The faces were checked to ensure that they were
lane and parallel, without defects.
.4. Nanoindentation and Vickers hardness
Nanoindentation measurements were carried out on a mir-
or polished sample in order to measure the Young’s modulus
E) and the nanoindentation hardness (HIT). Load-displacement
urves were acquired with an IBIS nano-indenter (Fischer-Cripps
aboratories Pty Ltd.) with a digital resolution of 0.01 N and
.1 nm respectively. The curves were analysed with the Oliver-
harr method [29]. Prior to every indentation run a check on a fused
ilica standard was performed.
Vickers hardness measurements were conducted with a Leica
MHT instrument on the same sample used for nanoindentation
ith a load of 200 g and a holding time of 15 s.
. Results and discussions
.1. Phase characterisation
Crystal structure and nuclear density distribution in the
aTh(PO4)2 powder used during this study have been previously
nvestigated by XRD and neutron diffraction and there is no doubt
bout the sample purity [14,24]. The Rietveld reﬁnement indicates a
ingle pure phase with monoclinic structure, S.G. P21/n, a = 6.690(9)
, b = 6.892(8) Å, c = 6.396(9) Å, = 103.73(2)◦, V = 286.5(8) Å3.
Sample purity was conﬁrmed in this work by nuclear magnetic
esonance measurements too. Previous studies using MAS  NMR  as
n atomic probe of phosphorus in thorium phosphates have already
hown conclusive results [30,31]. Here, we compare the spectra of
aTh(PO4)2 with that of the lanthanide LaPO4 (Fig. 1) as they both
rystallize in the monazite structure and are diamagnetic (i.e. no
npaired electron on the lanthanide and the actinide cation). For
oth compounds, only one phosphorus signal is observed as pub-
ished for the series of lanthanide monazites [32] and more recently
or PuPO4 [33]. A chemical shift, ıiso, of −4.1 ppm was determined
or the CaTh(PO4)2 with a line width, FWHM,  of 4 ppm. We  found
n axiality of the chemical shift anisotropy (CSA) tensor, CS, and
n anisotropy of the CSA tensor, CS [27], of −46.8 ppm and 0.56,
espectively. The 31P MAS  NMR  spectrum of LaPO4 has already
een published several times and with a ıiso = −4.3 ppm and an
WHM = 1.7 ppm, our results being in agreement [30,34,35]. Even
hough the CSA in LaPO4 is small, it has to our knowledge not been
eported before. We  found an CS = 19.3 ppm and an CS = 0.75.
oth compounds possess a long longitudinal relaxation time (T1)
f ∼540 s for CaTh(PO4)2 and 600 s in LaPO4 [32]. The main spec-
ral difference between these two compounds are the FWHM and
he CSA parameters. The higher FWHM compared to LaPO4 may
e explained by the presence of both Ca and Th cation randomly
istributed in the neighbourhood of the P nuclei [24].
The sintering conditions and the compositions of the pellets
rom the tests performed during this study are presented in Table 1.
The sintering behaviour of the powder is shown in Fig. 2, for an
pplied load of 2 kN. During SPS processing, the sintering shrinkage
f the powder can be deduced from the displacement of the upper
iston of the press. In the ﬁrst 70 s the load is increased from 0.5
o 2 kN, resulting in a compaction of the powder (positive displace-
ent indicates shrinkage of the system). Upon heating, the system
sample and pistons) expands, up to a time of circa 6 min  (1133 K),Fig. 2. SPS piston displacement, mechanical load, and sample temperature as a
function of time of the CaTh(PO4)2 milled powder sintered with a load of 2 kN.
where the shrinkage by sintering of the cheralite exceeds the ther-
mal  expansion. After 8 min  the densiﬁcation is complete and the
additional dwell time at 1583 K does not induce extra shrinkage.
The relative density of the sintered pellet is 99.0% (corrected for
phase composition). The XRD pattern of the pellet shows several
diffraction lines attributed to ThO2, indicating that the cheralite
started to decompose (Fig. 3b and f). The phase analysis gives 99.1%
CaTh(PO4)2 and 0.9% ThO2 (Table 1).
In order to avoid such phase decomposition, another sample
was sintered with an increased load of 3 kN, while interrupting the
heating ramp at 1528 K and immediately cooling to room tempera-
ture, without isothermal dwell at the maximum temperature. This
schedule resulted in a pellet of 96.5% relative density and the phase
analysis indicates pure CaTh(PO4)2 phase (Fig. 3f).
These results show the feasibility of consolidating the cheralite
powder into a single phase dense monolith. In order to achieve
a high sintered density, while avoiding the decomposition of the
cheralite, the sintering cycle has to be kept extremely short and
the maximum temperature as low as possible. If the temperature
surpasses 1573 K, even for a very short time, decomposition begins
and a ThO2 phase is detected in the sintered product. When the
maximum sintering temperature is close to the synthesis tempera-
ture of 1523 K and the pellet is cooled immediately afterwards, the
cheralite phase remains intact.
The microstructures of the as sintered pellets and of the starting
powder after ball milling are shown in Fig. 3e. The powder appears
as weakly agglomerated, with primary particles in the submicrom-
eter range, possessing thus high sinterability. The comparison of
the fracture surfaces of the sintered pellets presents some inter-
esting features. The ﬁrst two  pellets have a microstructure with
low residual porosity. But in the case of higher temperature sin-
tering (Pellet 1 in Fig. 3a and b), the appearance of a second phase
is evident. EDX analysis suggests that the inclusions consist in a
Th-rich phase, which possibly is ThO2, as detected by XRD. For the
pellet 2, sintered at lower temperature and with no dwell time, the
microstructure is homogenous (Pellet 2 in Fig. 3c and d), conﬁrming
the results of the XRD analysis.
3.2. Thermal diffusivity and thermal conductivity
The results of the thermal diffusivity measurements on the pel-
let 2 (pure phase) are listed in Table 2, and are shown in Fig. 4a. The
thermal diffusivity slowly decreases with temperature and can be
described by the following equation:
/(m2 s−1) = 1.7209·10−13(T/K)2 − 4.5417·10−10(T/K) + 6.707·10−7
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Table 1
Sintering conditions, crystallographic phase analysis, and relative density of the pellets obtained within this study.
Sintering conditions Relative density, % Phase analysis
Pellet 1 2 kN, 1583 K, 1 min  dwell ∼99.0 99.1% CaTh(PO4)2 + 0.9% ThO2
Pellet 2 3 kN, 1528 K, no dwell 96.5 100% CaTh(PO4)2
Pellet 3 3 kN, 1528 K, no dwell 95.5 100% CaTh(PO4)2
F tor; (b
i  patte
p
m
wig. 3. Typical SEM images of SPS-pressed CaTh(PO4)2 pellets: (a) pellet 1, SE detec
mage  of the original CaTh(PO4)2 powder after ball milling (f) Fragment of the XRD
resence of ThO2 as minor impurity in the pellet 1.
The relative uncertainty on the thermal diffusivity measure-
ents is 5%, mainly due to sample thickness variations. The results
ere interpolated with the usual 1/(A + B·T) expression.) pellet 1, BSE detector; (c) pellet 2, SE detector; (d) pellet 2, BSE detector. (e) SEM
rns of the SPS-pressed pellets, conﬁrming the purity of pellet 2 and indicating the
The thermal conductivity of the compound was calculated from
the measured thermal diffusivity and density, and with heat capac-
ity data from [19] using the formula:
 = ··Cp
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Table  2
Thermal diffusivity and thermal conductivity of CaTh(PO4)2 uncorrected for porosity.
T, K Thermal diffusivity 10−7 m2 s−1 Thermal conductivity W m−1 K−1 T, K Thermal diffusivity 10−7 m2 s−1 Thermal conductivity W m−1 K−1
524.0 4.85 1.358 1405.5 3.68 1.339
526.9 4.82  1.350 1405.6 3.56 1.292
528.6  4.88 1.367 1292.0 3.65 1.297
606.8  4.52 1.319 1292.1 3.80 1.350
608.3  4.54 1.326 1292.0 3.77 1.339
609.7  4.59 1.340 1177.5 3.81 1.316
739.8  4.20 1.292 1177.2 3.69 1.278
742.0 4.22 1.298 1177.1 3.74 1.295
742.7 4.24  1.305 1050.8 3.85 1.294
847.5  4.14 1.317 1050.6 3.82 1.280
847.0  4.12 1.311 1073.4 3.89 1.312
846.8  4.16 1.321 1072.7 3.76 1.268
942.4  3.95 1.288 951.3 3.95 1.293
945.0 3.86 1.261 950.0 3.95 1.292
946.6  3.95 1.292 949.5 4.03 1.317
1071.9  3.91 1.318 751.4 4.24 1.310
1072.0  3.86 1.303 750.5 4.13 1.272
1049.5 3.76 1.260 749.5 4.21 1.299
1049.8  3.87 1.299 536.6 4.74 1.335
1176.4  3.75 1.297 538.5 4.82 1.359
1291.9  3.75 1.331 539.3 4.80 1.353
1292.0  3.80 1.348
) and
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vFig. 4. The thermal diffusivity (a
We  thus obtain the following values of conductivity (Table 2 and
ig. 4b):
/(W·m1·K−1) = 2.7564·10−7(T/K)2 − 5.4463·10−4(T/K) + 1.560
The thermal conductivity of CaTh(PO4)2 pellets prepared by SPS
s remarkable low, in the same range with the monazite-type LnPO4
Ln = La, Ce, Nd, Sm,  Eu, and Gd) [36]. The relative uncertainty of
he calculated thermal conductivity is estimated to be about 10%,
esulting from the sum of the uncertainties on the thermal dif-
usivity (5%), speciﬁc heat (3%) and density (2%). Even if the best
t follows a second order equation, the conductivity is almost lin-
ar in the studied temperature interval and decreases slightly with
he temperature. As in the case of LnPO4 [36], the conductivity is
inimum than the temperature rises above 1150 K.
.3. Indentation measurementsVickers microindentation measurements showed a Vicker
ardness HV of 6.737 ± 0.15 GPa. Some indents showed partial
elamination which did not affect the determination of meaningful
alues. conductivity (b) of CaTh(PO4)2.
A typical load-displacement nanoindentation curve for a 50 mN
maximum load is presented in Fig. 5a, from which the following
data were expressed:
E = 167 ± 5 GPaandHIT = 9.3 ± 0.5 GPa.
Young’s modulus value for our compound is consistent with
those of Perrier et al. [20] and Du et al. [36]. where a range of
different lanthanides monazites were characterized via acoustic
methods and Vickers indentation. Fig. 5b shows the E values previ-
ously obtained for monazite-type LnPO4 compared to our results, as
a function of the ionic radius. The data show a correlation between
ionic radius variation within the lanthanides monazites series and
Young’s modulus. Elastic properties are indeed related to inter-
atomic forces that are in turn dependent on interatomic distance
and thus on ionic radius.
4. Conclusions and perspectivesPure cheralite and associate monazite-cheralite solid solution
cannot be sintered to high density trough conventional techniques
due to the thermal decomposition of the CaTh(PO4)2 phase. In this
study, high density pellets of pure cheralite were obtained by SPS
4120 K. Popa et al. / Journal of the European Ceramic Society 36 (2016) 4115–4121
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nd the conditions needed in order to maintain the chemical purity
ere deﬁned (1500–1550 K, applied force above 3 kN). This result
s an indication that the SPS technique may  be applied in order
o densify other monazite/cheralite phases which decompose to
orresponding oxides under heating (such as PuPO4 and associated
olid solutions containing Th, Pu, or Am), opening the path for a
iable processing route for this type of ceramic nuclear waste forms.
In order to complete the structural/thermochemical/mechanical
haracterisation of the CaTh(PO4)2 phase, 31P MAS  NMR  spectrom-
try, thermal diffusivity, and hardness measurements have been
mployed. The thermal diffusivity decreses from 4.8 × 10−7 m2 s−1
520 K) to 3.7 × 10−7 m2 s−1 (1400 K). The hardness determined
hrough the Vicker method was of 6.737 ± 0.15 GPa, while the
ne from nanoindentation measurements of 9.3 ± 0.5 GPa. Sintered
heralite behaves similar to lanthanide monazite phases, indicating
ts suitability as an alternative actinide waste form.
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